Chiral ionic liquids, starting from (S)-proline, have been prepared and evaluated the ability of a chiral catalyst. In Michael reaction of trans--nitrostyrene and cyclohexanone, all the reactions were carried out under homogeneous conditions without any solvent except for excess cyclohexanone. The chiral ionic liquid catalyst with the positive charge delocalized bulky pyrrolidinium cation shows excellent yields (up to 92%), diastereoselectivities (syn/anti = 96/4), and enantioselectivities (up to 95% ee) and could be reused at least three times without any loss of its catalytic activity. Such results demonstrated a promising new approach for green and economic chiral synthesis by using the chiral ionic liquids as a chiral catalyst and a chiral medium.
Introduction
Ionic liquids have been widely used in organic syntheses as catalysts or as reaction media because they are useful and have environmentally benign chemical and physical properties [1] [2] [3] . The high designability of ionic liquids is their most attractive and unique property. Also a vast number of possible anion-cation combinations and the introduction of various functional groups onto the structure of ionic liquids produce diverse so-called task-specific ionic liquids for special purposes [4, 5] . Among many kinds of task-specific ionic liquids, chiral ionic liquids have gained considerable attention not only for chiral synthesis [6] and chiral extraction [7] but also for stationary phases in chiral chromatography [8, 9] and chiral NMR shift reagent [10] .
There are several strategies to gain access to chiral ionic liquids. One is the racemic ionic liquids synthesis and its subsequent chiral separation of two enantiomers by means of the chiral column chromatography [11] or by chiral cocrystallization [12] . In either case, the chiral separation from the racemic ionic liquids is complicated task because optimising the chiral separation conditions is quite a difficult and the chiral separation also requires an enormous amount of labour and is costly. Another useful methodology is the enantioselective chiral ionic liquids synthesis that produces the pure enantiomer from the achiral precursor using chiral reagents or chiral catalysts. However the chiral catalysts are often expensive and cannot be applied to all kinds of chiral ionic liquids. In addition, the more economic and simpler method are required for the large-scale synthesis of the chiral ionic liquids than ever because the chiral ionic liquids are expected to use as not only the chiral catalyst but also the chiral medium. Therefore, we adopted a different approach, known as the chiral pool synthesis, which uses chiral starting material and maintaining the chirality [13] .
Tan et al. reported that the highly polar phosphine oxide moiety of the chiral Michael catalyst interacts with the nitro group of Michael acceptor via dipole interactions mediated by water to produce high yield and enantio-and diastereoselectivity [14] . Similarly, the cationic moiety of the chiral ionic liquid catalysts can interact with the nitro group of Michael acceptor via electrostatic interaction. There have been various reports about the (S)-proline derivative catalysts [15] including chiral ionic liquids catalysts [16] [17] [18] . Dąbrowski et al. reported the chiral ionic liquid with pyrrolidine-imidazolium combined cation [16] and the application as an asymmetric catalyst for the asymmetric Michael reaction. However, the Michael adducts were obtained in moderate yield (up to 65%) while the selectivities were high. In the chiral ionic liquid with pyrrolidine-imidazolium combined cation, the delocalization of the positive charge on the aromatic imidazolium cation does not form a strong electrostatic interaction between the nitro group and the cation, and such a situation seems to affect the yield of Michael adducts.
Therefore, we have recently reported the synthesis of chiral ionic liquids 1 ( Figure 1 ) based on (S)-proline which is a natural chiral amino acid and pyrrolidinium cation moieties [17] . Chiral amino acids are useful precursors of chiral ionic liquids and various natural amino acids mortified ionic liquids were reported [19, 20] . Pyrrolidinium cation is one of the cyclic ammonium cations, and its positive charge was localized on the N + atom unlike the aromatic cations. In order to establish a close interaction with the nitro group, bis(trifluoromethanesulfonyl)imide, which can weaken the cation-anion interaction of ionic liquids, is adopted as an anion of ionic liquids [21] . Vasiloiu et al. reported the application of the chiral ionic liquid 1 and its derivatives as an organocatalyst for aldol reaction; however, the aldol products were obtained in moderate yields and selectivities (up to 80% ee) [18] .
In this paper, we examine the preparation and their physical properties of chiral ionic liquids 1 in detail and suitability as enantioselective catalysts for Michael reaction. The close interaction between chiral catalysts and substrates plays a key role in asymmetric synthesis. Unlike a solid catalyst, chiral ionic liquid catalysts can form a homogeneous mixture with substrates in the absence of solvent and thus this situation enables effective interaction between the catalysts and the substrates. Furthermore, the steric hindrance in the transition-state also affects the selectivities of Michael adducts. The bulky pyrrolidinium cation of chiral ionic liquids 1 can also play a critical role in selectivities. In addition, we investigated the reusability and the recyclability of the ionic liquids catalyst for the reactions. ) was added to a solution of (S)-Boc-prolinol 2 (2.9 g, 15 mmol) in pyridine (25 mL) at 0 ∘ C, and the mixture was then stirred at room temperature overnight. The reaction mixture was diluted with ethyl acetate (90 mL) and washed five times with cold 1 M hydrochloric acid (50 mL), two times with sat. NaHCO 3 aq (40 mL), and two times with brine (25 mL). The ethyl acetate layer was dried over anhydrous sodium sulphate, and the solvent was removed under reduced pressure. N-methylpyrrolidine (10 mL, 95 mmol) was added to a portion of the residual colorless liquid (1.5 g, 4.2 mmol), and the reaction mixture was refluxed with stirring 3 days. After removal of excess Nmethylpyrrolidine under reduced pressure, the residue was diluted with water (10 mL) and washed with ethyl acetate (10 mL). A spatula tip of activated carbon was added to the aqueous phase and stirred overnight. The activated carbon was removed by filtration, and the solvent was removed under reduced pressure. The residue was further dried in vacuo (under 0.1 mbar) at 60 ∘ C for 24 h, which gave a crude brownish solid (yield: 1.4 g). 
Materials and Methods

(S)-1-Methyl-1-[(2-pyrrolidinyl)methyl]pyrrolidinium Bis(trifluoromethanesulfonyl)imide (1a) (Route A)
. 85 wt% phosphoric acid was dropwised to a solution of 3 (1.0 g, 2.3 mmol) in THF (1 mL), and the solution was stirred for four hours at room temperature. The reaction mixture was diluted with water (5 mL) and 50% sodium hydroxide solution was added until the solution is at pH 8. The solution was washed four times with dichloromethane (10 mL), and lithium bis(trifluoromethanesulfonyl) imide (0.66 g, 2.3 mmol) was then added to the aqueous layer. After overnight stirring at room temperature, the solution was extracted three times with dichloromethane (10 mL) and the dichloromethane layer was dried over anhydrous sodium sulphate. The solvent was removed under reduced pressure which gave a brownish liquid (yield: 0.51 g, 1.1 mmol, 50% (crude)).
(S)-1-[(1-tert-Butoxycarbonyl-2-pyrrolidinyl)methyl]pyrrolidine (4) (Route B)
. p-Toluenesulfonyl chloride (4.6 g, 24 mmol) was added to a solution of (S)-Boc-prolinol 2 (2.9 g, 15 mmol) in pyridine (25 mL) at 0 ∘ C, and the mixture was then stirred at room temperature overnight. The reaction mixture was diluted with ethyl acetate (90 mL) and washed five times with cold 1 M hydrochloric acid (50 mL), two times with sat. NaHCO 3 aq (40 mL), and two times with brine (25 mL). The ethyl acetate layer was dried over anhydrous sodium sulphate, and the solvent was removed under reduced pressure which gave a colorless liquid. Pyrrolidine (3 mL, 36 mmol) was added to a portion of the residual colorless liquid (1.5 g, 4.2 mmol), and the reaction mixture was refluxed with stirring overnight. After removal of excess N-methylpyrrolidine under reduced pressure, the residue was diluted with chloroform (10 mL) and washed ten times with water (10 mL). The chloroform layer was dried over anhydrous sodium sulphate, and the solvent was removed under reduced pressure which gave a yellowish liquid (yield: 0.90 g, 3.5 mmol 83%).
1 H NMR (300 MHz; CDCl 3 , Me 4 Si) = 3.93 (br, 1H, pyrrolidine-
(S)-1-[(1-tert-Butoxycarbonyl-2-pyrrolidinyl)methyl]-1-methylpyrrolidinium Iodide (5a) (Route B).
Methyl iodide (0.26 mL, 4.2 mmol) was added to 4 (0.75 g, 2.9 mmol), and the reaction mixture was refluxed with stirring for four hours. After removal of excess methyl iodide under reduced pressure, the residue was diluted with water (10 mL) and washed three times with ethyl acetate (25 mL). A spatula tip of activated carbon was added to the aqueous phase and stirred overnight. The activated carbon was removed by filtration, and the solvent was removed under reduced pressure. The residue was further dried in vacuo (under 0.1 mbar) at 60 ∘ C for 24 h, which gave a yellowish solid 
(S)-1-[(1-tert-Butoxycarbonyl-2-pyrrolidinyl)methyl]-1-ethylpyrrolidinium Bromide (5b) (Route B)
. 5b was prepared from 4 and ethyl bromide in the same procedure as that of 5a (yield: 68%). 
(S)-1-Methyl-1-[(2-pyrrolidinyl)methyl]pyrrolidinium Bis(trifluoromethanesulfonyl)imide (1a) (Route B)
. 85 wt% phosphoric acid was dropwised to a solution of 5a (0.4 g, 1.0 mmol) in THF (0.5 mL), and the solution was stirred for four hours at room temperature. The reaction mixture was diluted with water and 50% of sodium hydroxide solution was added until the solution is at pH 8. Water (20 mL) was added to the solution and the solution was washed three times with dichloromethane (20 mL). Lithium bis(trifluoromethanesulfonyl)imide (0.29 g, 1.0 mmol) was added to the aqueous layer and the solution was stirred overnight at room temperature. The solution was extracted three times with dichloromethane (10 mL) and the dichloromethane layer was dried over anhydrous sodium sulphate. 
Preparation of (S)-1-Ethyl-1-[(2-pyrrolidinyl)methyl]pyrrolidinium Bis(trifluoromethanesulfonyl)imide (1b) (Route B).
1b was prepared from 5b in the same procedure as that of 1a (yield: 72%).
[M] 
Molar Optical Rotation.
The molar optical rotations were measured at 589 nm and 25 ∘ C in methanol solutions with a P-1010 Polarimeter (JASCO).
Determination of Glass Transition Temperatures (Tg).
The glass transition temperatures were determined by using a DSC6100 (SII) under a N 2 atmosphere using a heating rate and cooling rate of 2 ∘ C min −1 . (28 mg, 63 mol), cyclohexanone (0.52 mL, 5.0 mmol), trans--nitrostyrene (37 mg, 0.25 mmol), and TFA (0.93 L, 0.013 mmol) was stirred 48 hours at room temperature (25 ∘ C) without any solvent except for excess cyclohexanone. After their reactions, hexane (5 mL) was added to the reaction mixture; thus the yellowish catalyst 1a could be separated. The upper hexane layer was removed and the remaining catalyst 1a layer was then extracted again with hexane (5 mL) and two times with diethyl ether (5 mL). The combined organic layers were evaporated and the remaining crude residual oil was purified by means of flash column chromatography on silica gel using hexane/ethyl acetate (4 : 1) as an eluent to in order to produce pure Michael adducts. 
General Method of Asymmetric Michael Reaction in
Reuse of Chiral Ionic Liquids (1a) in Asymmetric Michael
Reaction. After the reactions, hexane (5 mL) was added to the reaction mixture, and the yellowish ionic liquid catalyst 1a phase containing TFA was separated. After washing with hexane and diethyl ether, it was confirmed using 1 H NMR that 1a phase does not contain any impurities except for TFA. Cyclohexanone and trans--nitrostyrene were added to the recovered 1a and TFA solution, and the reaction was repeated.
Results and Discussion
Preparation of Chiral Ionic Liquids (1).
The chiral ionic liquids were synthesized starting from (S)-proline which is a natural abundant chiral amino acid. As aforementioned, (S)-proline and its derivatives are useful catalysts for enaminemediated reactions [15, 25] . Pyrrolidinium cation is a bulky cyclic five-member ring ammonium cation, and its positive charge is localized on the N + atom in contrast to the aromatic cations. The localized positive charge of chiral ionic liquids 1 can effectively interact with the nitro group of Michael acceptor. In addition to the bulky cyclic five-member pyrrolidinium ring, the quaternary ammonium nitrogen of pyrrolidinium is close to an asymmetric point at C1 of pyrrolidine ring. Compared to aromatic imidazolium and pyridinium cations, the chiral ionic liquids 1 have a greater steric effect around the asymmetric point, which is most likely to produce high catalytic activities and selectivities.
(S)-Boc-prolinol 2 was easily prepared according to literature via (S)-Boc-proline in two steps [21] . After the tosyl group which is a good leaving group was introduced into the (S)-Boc-prolinol 2, introduction of another pyrrolidine ring and quaternization was accomplished. First, we tried to synthesize compound 1a with N-methylpyrrolidine conveniently (Scheme 1, Route A). This one-step quaternization required a rigorous reaction condition and produced the corresponding tosylate salt 3 in relatively high crude yield (76%) with a small amount of impurities. The impurities could not be removed even in the next deprotection and the subsequent anion exchange steps.
Then, we attempted to synthesize ionic liquids 1 under a mild reaction condition (Route B). The tosyl group was replaced to pyrrolidine ring, and subsequent quaternization led to pure compound 5 in relative high yields. Since the compound 5 was decomposed in trifluoroacetic acid (TFA) solution, deprotection of N-Boc was accomplished by treatment of 85 wt% phosphoric acid solution. Anion exchange reactions with lithium bis(trifluoromethanesulfonyl)imide afforded the water immiscible room temperature ionic liquids 1.
Physical Properties of Chiral Ionic Liquids (1).
The thermal properties of 1a and 1b were determined by differential scanning calorimetry (DSC). Both 1a and 1b have low glass transition temperatures ( ) of −73.6 ∘ C (1a) and methanol) ) of (S)-proline is −98.0, whereas that of 1a and 1b is +47.3 and +35.8, respectively. The multistep syntheses reverse the direction of the optical rotation from levorotary to dextrorotatory. The viscosity of 1a is 123 cP at 25 ∘ C. The viscosity of 1a is slightly higher than that of N-butyl-N-methylpyrrolidinium bis(trifluoromethanesulfonyl)imide (89 cP at 25 ∘ C), which is composed of similar pyrrolidinium cation, due to the bulky cationic structure of 1a. The chiral ionic liquids with pyrrolidine-imidazolium combined cation were used in the Michael reaction by diluting with dichloromethane [16] . By contrast, the viscosity of 1a is fluid enough to be used as a reaction medium, and the close interaction with substrates is expected.
Ability of (1a) as a Chiral Catalyst for Michael Reaction.
We evaluated the ability of 1a as a chiral catalyst in an enamine-based enantioselective Michael reaction of trans--nitrostyrene with cyclohexanone. The reactions were carried out in the presence of 1a as a catalyst for 48 hours at room temperature without any solvent except for excess cyclohexanone. After their reactions, hexane (5 mL) was added to the reaction mixture; thus the yellowish catalyst 1a could be separated. The upper hexane layer was removed and the remaining catalyst 1a layer was then extracted again with hexane (5 mL) and with diethyl ether (2 × 5 mL). The combined organic layers were evaporated and the remaining crude residual oil was purified by means of flash column chromatography on silica gel using hexane/ethyl acetate (4 : 1) as an eluent to in order to produce pure Michael adducts.
The results of this study are summarized in Table 1 . In the presence of 15 mol% 1a, the Michael adducts formed with relatively high diastereoselectivity (syn/anti = 92/8) and enantioselectivity (85% ee), although the yield was moderate (entry 1). When (S)-proline was used as a catalyst, the Michael adducts were obtained in very low enantioselectivity while the yield and diastereoselectivity were high (80% yield, syn/anti = 98/2, 61% ee, data not shown in Table 1 ). This result suggests that ionic liquids 1a is an effective catalyst for enantioselective Michael reaction. Then, 5 mol% of Brønsted acid was added to the reaction mixture in order to improve yields by accelerating the enamine formation and protonation of the zwitterionic intermediate [26] [27] [28] . The employment of salicylic acid (SA) as an additive led to an improvement in yield (92%, entry 2). In case of TFA, not only the yield but also the enantioselectivity was improved (88% yield, 93% ee, entry 3). Mase et al. reported the asymmetric Michael reaction with pyrrolidine-pyrrolidine combined diamine catalyst with TFA [29] . Although the yield and stereoselectivity were same level, the enantioselectivity can be improved from 89% ee to 93% ee by employing the chiral ionic liquids 1a. In the case of the chiral ionic liquids with pyrrolidine-imidazolium combined cation, benzoic acid was employed as an additive. However, the yield was moderate (up to 65%) and selectivities were not improved [16] . These results provide evidence of the importance of the electrostatic interaction with a Michael acceptor, the positive charge delocalization, and the steric effect of pyrrolidinium cation.
While high diastereo-and enantioselectivities were ensured at the low temperature (5 ∘ C), the yield decreased owing to decrease a reaction rate according as the temperature declines (entry 5). With increases in catalyst ratio from 15 mol% to 30 mol%, the yield is improved from 60% to 80% (entry 6). As a result, high catalyst loading (25 mol%) at room 6 Organic Chemistry International temperature enables one to achieve the best value of yield, diastereoselectivity, and enantioselectivity (entry 4). On the basis of the stereochemistry and the Houk-List [25, 30] and Seebach and Golinski [31] transition state models, two plausible transition state structures for the Michael reaction between cyclohexanone and trans--nitrostyrene using the chiral ionic liquid 1a can be proposed as shown Figure 2 . The pyrrolidinium cation of 1a would electrostatically interact with the nitro oxygen of trans--nitrostyrene in the transition state I. The steric hindrance of pyrrolidinium cation of 1a could shield the Si face of the enamine double bond in the ketone donor in transition state II. Accordingly, the trans--nitrostyrene as a Michael acceptor would approach the enamine from the Re face in both transition states. Considering that 1a containing pyrrolidinium cation gave the higher enantioselectivity than pyrrolidinepyrrolidine combined diamine catalyst [29] , we propose that the electrostatic interaction with pyrrolidinium cation of 1a and nitro oxygen of trans--nitrostyrene can form the transition state I and the steric hindrance of pyrrolidinium cation of 1a can shield the access of the nitro group. Consequently, the double bond of trans--nitrostyrene arranges near the enamine double bond, and the high selectivity is observed. Table 2 shows the reusability of 1a for the Michael reaction. The reaction conditions are the same as those of the entry 4 in Table 1 . Ionic liquid catalyst 1a phase containing TFA was easily separated from the reaction mixture and the 1a phase was reused four times after washing with hexane and diethyl ether. The 1 H NMR spectra showed that the reused catalyst 1a phase containing TFA was pure in each cycle. The diastereo-and enantioselectivity of the reused catalyst remained almost the same after four cycles, though the yields decreased gradually. Although it is difficult to show the recovery rate of catalyst 1a because of including TFA, the amount of recovered catalyst 1a phase was visibly reduced slightly. It is possible to surmise that the loss of catalyst 1a and TFA for extraction and purification steps in each cycle makes the reactions slower. Thus, the reaction time was extended to 72 hours for the three cycles to obtain the same yield as the first and the second cycles. The yield of the fourth cycle fell to 72%, even if the reaction time was extended to 96 hours. Hence, the ionic liquid catalyst 1a can be reused at least three times without significant loss of activity. Moreover, Xu et al. also reported the reusability of chiral ionic liquid catalyst with pyrrolidine-DABCO combined cation using [bmim][BF 4 ] as a reaction solvent [32] . In our proposed 1a reuse system, the reactions were carried out under homogeneous conditions without any reaction solvent except for excess cyclohexanone. The solvent free system enables not only contact interaction with substrates but also enables a simple recycling and reuse operation system to be produced.
Reusability of (1a) for Michael Reaction.
Generality of Ionic Liquid Catalyst (1a).
To evaluate the generality of the ionic liquid catalyst 1a, various trans--nitrostyrene derivatives and ketones were examined under [22] [23] [24] .
e Amount of 1a was 15 mol% and reaction time was 7 days.
the same conditions (Table 3) . Entry 2 and entry 3 show the influence of electronic (substituent) properties of trans--nitrostyrene derivatives on the catalytic ability of 1a. The introduction of the electron donating methoxy group at the paraposition of the phenyl ring shows excellent yield and selectivities (entry 2). In case of the electron-withdrawing chloride group (entry 3), the Michael adducts were obtained with excellent yield and selectivities though both selectivities decreased slightly compared to entry 1 and entry 2. Thus, the electronic properties of trans--nitrostyrene derivatives do not affect the catalytic ability of 1a.
In case of using trans-2-(2-nitrovinyl) furan and trans-2-(2-nitrovinyl) thiophene which are the heteroaryl nitro olefins, the Michael adducts were obtained in high yields and selectivities (entry 4 and entry 5). When cyclopentanone was used as a Michael donor, lower diastereo-and enantioselectivities were observed (syn/anti = 62/38, 68% ee, entry 6) in contrast with cyclohexanone (entry 1). The employment of trans-4-methoxy--nitrostyrene as a Michael acceptor led to an improvement in the selectivities (syn/anti = 71/29, 70% ee, entry 7). The acyclic ketone (acetone) led to the lowest enantioselectivity (24% ee, entry 8). Compared to the bulky cyclohexanone and cyclopentanone with six or fivemembered ring, acetone is a very simple ketone. It is possible to surmise that trans--nitrostyrene as an electrophile could attack the enamine intermediate from both sides because of the absence of the steric hindrance of the enamine intermediate derived from acetone and 1a. As shown in entry 9, isovaleraldehyde also led to the relatively high enantioand diastereoselectivities (syn/anti = 86/14, 68% ee) though the yield was low (12%). The amount of 1a was decreased from 25 mol% to 15 mol% and the reaction time was extended for 7 days because of the lower solubility of 1a toward the reaction mixture with isovaleraldehyde. In addition to the lower steric hindrance of the aldehyde, the amount of catalyst 1a has effects on the yield. In order to obtain high yields and selectivities with various substrates, we conducted further improvements of the ionic liquid catalyst structure and the physical properties.
Conclusions
We have synthesized proline based chiral ionic liquid catalysts with two five-membered unsaturated aza-heterocycles for enantioselective reactions by means of chiral enamine intermediates. The chiral ionic liquids show a liquid state at room temperature with relatively low viscosity, and such properties produce effective homogeneous reaction without any other solvent except for excess cyclohexanone. The ionic liquid catalyst afforded Michael products with high yields and diastereo-and enantioselectivities and thus can be reused at least three times without less selectivity. Such results demonstrated a promising new approach for green and economic chiral synthesis by using the chiral ionic liquids as a chiral catalyst and a chiral medium. Further investigations of other enamine-catalysed enantioselective reactions and optimization of its structure are being conducted in our laboratory for effective chiral derivation on wide substrates.
